Rheological Effects on Fluid Flow in a Contraction-Expansion and Cavity Microchannel by Jagdale, Purva Popat
Clemson University 
TigerPrints 
All Theses Theses 
December 2019 
Rheological Effects on Fluid Flow in a Contraction-Expansion and 
Cavity Microchannel 
Purva Popat Jagdale 
Clemson University, purvajagdale5@gmail.com 
Follow this and additional works at: https://tigerprints.clemson.edu/all_theses 
Recommended Citation 
Jagdale, Purva Popat, "Rheological Effects on Fluid Flow in a Contraction-Expansion and Cavity 
Microchannel" (2019). All Theses. 3209. 
https://tigerprints.clemson.edu/all_theses/3209 
This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for 
inclusion in All Theses by an authorized administrator of TigerPrints. For more information, please contact 
kokeefe@clemson.edu. 
RHEOLOGICAL EFFECTS ON FLUID FLOW IN A 
CONTRACTION-EXPANSION AND CAVITY MICROCHANNEL 
A Thesis
Presented to
the Graduate School of
Clemson University  
In Partial Fulfillment 
of the Requirements for the Degree
Master of Science
Mechanical Engineering 
by 
Purva Popat Jagdale
December 2019  
Accepted by: 
Dr. Xiangchun Xuan, Committee Chair, 
Dr. Rodrigo Martinez-Duarte 
Dr. Phanindra Tallapragada 
Dr. Chenning Tong 
ii 
ABSTRACT 
There are numerous fluids present in our surrounding, with each fluid possessing different 
properties than the other, for example blood and water. Study of these fluids and their 
properties is a part of science called fluid rheology. Study of fluid rheology has been 
conducted for many decades now for better understanding of the fluids, especially non-
Newtonian, and the use of microfluidics in this study has increased day by day due to the 
simplicity of process. Another reason for use of microfluidics in fluid rheology is that the 
rheological properties of non-Newtonian fluids are more noticeable on a micron scale as 
compared to macron scale which makes it easy to find its applications and relation to 
naturally occurring micro flow. Understanding of these fluids is important to us because of 
the wide range of applications it can find in the fields of lab-on-a-chip devices, biomedical 
and chemical devices. 
In this work, we focus on investigating effects of different non-Newtonian fluid flow in two 
different microchannel geometries- contraction and cavity channel. These geometries can 
be found in different lab-on-a-chip devices very commonly.  The fluid flow in these micro-
channels is sensitive to different parameters like geometry of channel, flow rate and fluid 
properties. This work focuses on unifying the theories related to such flows at different 
parameters by setting a basic parametric component as the channel geometry.   
For the first contraction channel, we use a planar contraction-expansion microchannel. 
The contraction ratio is 10:1:10 and six different fluids were studied. The flow was 
compared at a wide range of Reynolds number, from 0.08 to 127, and Weissenburg 
number, from 27 to 28000. Most commonly analyzed PAA and PEO solutions were studied 
along with less explored Xanthan gum solution and PVP solution with water and 
iii 
water/glycerol mixture as a Newtonian base case. Different vortex growth patterns were 
observed and compared. A critical value of Reynolds number is found which denotes the 
onset of flow circulations. The effect of elasticity is found to stabilize the flow, the shear 
thinning de-stabilizes the flow and inertia induces lip vortex formation. The combined effect 
of all properties also agrees with primary understanding each property. This analysis 
simplifies the fluid flow phenomenon and the effects of rheological properties. 
Similar study is conducted for the second channel, which is a cavity channel with planar 
geometry. Effect of shear thinning, elasticity and inertia of fluids was studied and 
compared in this case also. The expansion ratio was 1:10:1 approximately, with Reynolds 
number ranging from 0.04 to 239 and Weissenburg number from 25 to 104. Study of such 
fluids in the expansion channel was conducted for the first time which is capable of 
explaining the flow behavior in a suddenly expanded part of microchannel. Different vortex 
growth patterns are observed in this case as well. A new solution is used in this experiment 
which is Sodium Hyaluronate, whose results also conform to our understanding of the 
effects of the rheological properties. Vortex size and type are characterized for each 
experiment to give an overview of the complete phenomenon.  
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1.0 INTRODUCTION 
1.1 Objective and Motivation 
Study of Newtonian fluids has been done actively in the field of microfluidics for different 
applications of fluid manipulation. Non-Newtonian fluids have gained attention in this field 
also due to its applications using viscoelastic flow and inertial flow. The use of non-
Newtonian fluid is accompanied by different microchannel channel geometries to achieve 
different shear rates or the desired flow effect which is mostly used for different Lab-on-a-
chip (LOC) devices, inkjet printing, DNA analysis etc. Use of contraction and expansion 
geometries in microfluidics has become common due to their presence in different flow 
conditions and ability to simulate different phenomenon around us. A simple example is 
of a porous medium used for enhanced oil recovery. This porous medium can be simply 
studied using a single contraction-expansion or a sequence of contractions and 
expansions microfluidic geometry, as the contraction and expansion of a pore. Use of non-
Newtonian fluid in this study has shown to impart new flow behavior and enhance the oil 
recovery[1]. Thus, for clear understanding of the non-Newtonian fluid flow and to be able 
to design and implement such microfluidic systems, a detail study of the flow behavior and 
effect of its properties on flow is required.  
The main advantages of using microfluidics are that it is simple to use and requires less 
volume of sample which results in mess free experiments. Microfluidics helps in achieving 
large shear rate without increasing the Reynolds number to a very large value which is 
useful from the fluid dynamics perspective, due to the small length scale involved. It is 
possible to reach high shear rates which are difficult to achieve on a macro scale. 
Manipulation of fluids at micron-level is important in many areas of medical, biomedical 
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and chemical fields. Microfluidics has become accessible in different fields due to 
advancements in the micro-fabrication techniques also.  
The objective of this study is to investigate the effects of properties of non-Newtonian 
fluids, called the rheological properties, on the flow through contraction and cavity 
microchannel. This study would help in design and optimization of different microfluidic 
systems. It can also provide a basis for use of non-Newtonian fluids in micro-scale 
applications considering the viscoelastic and other non-Newtonian characteristics of fluid.  
1.2 Background 
1.2.1 Contraction and expansion geometry  
From the past three decades, entry flow phenomenon has been given importance due to 
its presence in the polymer industry and in modern inkjet print heads, LOCs, extrusion and 
injection molding devices. Different contraction and expansion geometries are shown in 
figure 1.1, and the naming as indicated in the figure shall be used throughout this work. 
The entry flow was characterized for the first time by Cable and Boger [2–4] using an 
axisymmetric contraction microchannel to analyze the interaction between elasticity and 
inertia over a wide range of flow rate. They studied the viscoelastic fluids by focusing on 
the flow pattern, velocity distribution and instability of flow and observed two vortex 
patterns, primarily: vortex growth pattern (growing size of vortex at low Reynolds number) 
and divergent vortex pattern (decreasing size of vortex at moderate Reynolds number). 
This study helped shed light on the basic mechanism of vortex growth in the channel and 
a method to quantify the vortex size and shape.  
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Figure 1.1 Contraction and expansion geometry types with width measured across 
the channel and length measured along the channel. (a) Contraction channel (b) 
Expansion channel (c) Contraction-Expansion channel (d) Cavity channel 
Axisymmetric geometries were studied in detail in the early stage of entry flow study but 
later on, planar geometries were also analyzed. It was found that the vortex growth 
mechanism and flow pattern are different in both axisymmetric and planar geometries. 
Nigen and Walters [5] found in the experiments that vortices are difficult to observe and 
the effect of elasticity is less in the planar geometry as compared to axisymmetric at same 
contraction ratio (CR= Width 1/ Width 2, ref. figure 1.1). The reason for such behavior was 
pointed towards the reduction in Hencky strain imposed on the polymer from planar to 
axisymmetric channel. Some studies have been conducted in square geometries also, 
where highly dramatic vortex growth was observed due to three dimensional flow [6,7]. 
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Many other similar experimental studies were conducted thereafter to explore the flow 
pattern [8,9], different channel geometries [10,11], pressure drop [12,13]  and 3D square 
microchannel [14] 
A review of previous studies is given in Table 1.1 at the end of this chapter. The work 
reviewed in the table gives an overview of the flow pattern observed for contraction and 
expansion flows for different fluids. Axisymmetric, planar and few studies of square 
channel are included in the table. 
1.2.2 Fluid Rheology 
Dimensionless numbers help in characterizing the fluid flow in the microchannel. Reynolds 
number and Weissenberg number are the two important dimensionless groups of our 
concern. Reynolds number (Re) is defined as: 
𝑅𝑒 =
𝜌𝑉𝐷ℎ
𝜂(?̇?)
=
2𝜌𝑄
(𝑤𝑐 + ℎ) 𝜂(?̇?)
 
(1.1) 
where, ρ is the density of the fluid, V is the average fluid velocity given by V= Q/(wc h), Q 
is the volume flow rate, Dh is the hydraulic diameter given by Dh=2wch/(wc + h), 𝜂(?̇?) is the 
fluid viscosity dependent on the shear rate, ℎ is the channel depth and 𝑤𝑐 is the contraction 
width (smaller width) of the channel. The Weissenberg number is defined as: 
𝑊𝑖 = 𝜆?̇? (1.2) 
where, λ is the relaxation time and ?̇? is the average shear rate given by ?̇? = 2V/wc. 
The elasticity number is given as ratio of Wi and Re, which helps to quantify the effect of 
elasticity as compared to inertia.  
𝐸𝑙 = 𝑊𝑖/𝑅𝑒 (1.3) 
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The viscosity of shear thinning fluids changing with shear rate can be found out by using 
Carreau-Yasuda model:  
𝜂 = 𝜂∞ + (𝜂0 − 𝜂∞) [1 + (𝜆𝐶𝑌?̇?)
𝑎
]
(𝑛−1)
𝑎⁄
 
(1.4) 
where, 𝜂∞ is the viscosity at infinite shear rate, 𝜂0 is the viscosity at zero shear rate, 𝜆𝐶𝑌 
is a time constant (inverse of shear rate at the onset of shear thinning), n is the power law 
index and a is a fitting parameter. The viscosities of the fluids used in this study which vary 
with shear rate (𝛾) are measured using rheometer and the data is plotted as shown in 
figure 1.2.  
 
Figure 1.2 Graph of shear rate versus viscosity of Polyacrylamide (PAA), Xanthan 
Gum XG, Polyethyleneoxide (PEO), Polyvinylpyrrolidone (PVP) and Sodium 
hyaluronate (HA) solution. Dotted line shows Carreau-Yasuda model fit for shear 
thinning XG and PAA fluids 
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The particle inertia can be characterized by using the particle Reynolds number given by 
equation 4. The particle Reynolds number is less than order of 1 (Re  ̴0.1) for a very high 
flow rate of 60ml/hr, thus the inertia effect of the particles are negligible.  
𝑅𝑒𝑝 = 𝑅𝑒 (
𝑑
𝐷ℎ
)
2
 
(1.4) 
Table 2 and 3 show the concentrations and properties of fluids.  
Solution Polymer 
concentration  
Relaxation 
time, 
λ(ms) 
Power-law 
index n 
Zero shear 
viscosity, 𝜂0 
(mPa.s) 
DI Water 0 0 1 1.00 
DI water+ 
Glycerol 
54%v  
glycerol 
0 1 7.56 
PVP 5% 2.2 1 7.68 
Xanthan 2000ppm 0 0.7 1731 
PEO 1000ppm 1.5 0.997 2.30 
PAA 200ppm 95 0.5 21.69 
HA 1000ppm   4.02 
Table 1.1 Rheological properties of experiment solutions 
Solution Time constant, λCY 
(s) 
Fitting Parameter 
(a) 
Infinite shear 
viscosity, 𝜂∞ 
(mPa.s) 
Xanthan 5 0.97 3.25 
PAA 0.1 0.59 2.3 
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Table 1.2 Additional properties for shear thinning fluids 
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Author Year E/
N 
P/A/
S 
CR Fluid Wi/ De 
Range 
Re Range Comment 
Kim et al 
[15] 
2016 E P 4:1 PEO0.1 % 
+silica 
suspensio
n (1,2,4,8 
%w) 
Wi<220 Re approx. 
0(maybe) 
Vortex size, viscosity and storage 
modulus decrease initially and then 
increases with silica concentration. This 
might be due to the adsorption of PEO 
on silica particle thus some polymer in 
the solution was used (45% of initial 
amount) thus decreasing storage 
modulus, but with increasing silica 
concentration the adsorption area 
decreases thus storage modulus 
increased. This affected the vortex size. 
Lee et al 
[16] 
2015 E P 4:1 PEO 
multiple 
concentrati
50<Wi<13
0 
Re<0.01 Newtonian like flow observed followed 
by diverging streamlines. Weak vortex 
was observed and then strong vortex 
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on and 
molecular 
weights 
when vortex size increases with Wi. 
Further increase make the fluid unsteady 
(fluctuate periodically). Further increase 
in Wi showed asymmetric oscillation of 
vortex. 
Lee et al 
[17] 
2014 E P 4:1 PEO 2*E6 
g/mol, 
0.3wt% 
5.6<Wi<69
0 
Re=0 
approx 
Flow sequence was different for each 
channel geometry. it was possible to 
match the steady flow patterns with a low 
Wi flows and the transient patterns with 
a high Wi flow 
Li et al [18] 2015 E P 8:1 PEO 2*E6 
g/mol, 
0.3wt% 
10.8<=Wi<
=256.2 
Newtonian:1
.9<=Re<=37
.5. Non-
Newt:0.3<R
e<11.5 
Flow profile for Newtonian and non-
Newtonian studied. Newtonian: 
parabolic profile is achieved after 
entrance length Le, laminar flow 
symmetric profile. For PEO: flow profile 
becomes parabolic, then flattens and 
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becomes concave with increasing Wi. 
Large extensional viscosity in the center 
is responsible for the 
Sousa et 
al. [14] 
2009 E S 2.4,4,
8,12 
Newtonian 
water, 
100ppm 
PAA  
De<=150 Re<=23 Newtonian fluid shows vortex in 
upstream of contractions and size 
reduces with increase in Re. for non-
Newtonian fluid, the flow shows 
coexistence of lip and corner vortex and 
vortex growth depends on contraction 
ratio and also unstable flow with vortex 
size varying with time. 
Alves et al 
[6] 
2005 E S 4 Newtonian 
and Boger 
100 and 
300ppm 
PAA 
De<=52 Re low Newtonian fluid showed negligible inertia 
at low Reynolds number and good 
agreement with numerical results. For 
Boger fluids, vortex increases and then 
decreases with De after De=15. Further 
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increase in De causes diverging 
streamlines in the center and then 
vortices grew with periodic flow and 
unstable eventually. 
Alves et al 
[19] 
    500ppm 
PAA in 
85%glyceri
ng+15% 
water 
  Newtonian case in good agreement with 
numerical results. For non-Newtonian 
fluid the vortex grew in size and the 
direction of motion of particles was 
changing, a periodic flow was observed. 
Chiba et al 
[8] 
1992 E P 5:1 0.1wt% 
PAA 
(Mw=2-4 
E6) 
- Re<48 Bundle like streams consist of two 
counter-rotating vortex (Goertler) tubes 
and are rectangular in cross section. 
Flow rate, fluid properties and channel 
geometry affect the vortex growth and 
increased rounding near the corner 
12 
 
increases the number of Goertler 
vortices. 
Binding et 
at [20] 
1988 E A,P 14.3:
1 
Xanthan 
gum 
- - Vortex enhancement and pressure drop 
observed in Axisymmetric geometry. 
Excess pressure drop in planar case is 
due to vortex free bulb flow mechanism. 
Evans and 
Walter 
[10] 
1986 E P,S 4,16,
80 
Boger and 
1% and 
2% PAA 
 Re<1 For a very slow flow rate Re=3.0E-5 in 
16:1 Sq-Sq contraction the flow is 
Newtonian like. 80:1 planar contraction: 
less elastic Boger fluid shows no vortex 
but more elastic one does show two 
asymmetric vortices at same Re approx. 
0.17-0.18; asymmetries are not due to 
geometrical imperfection. For 1%PAA 
shear thinning fluid stable symmetric 
vortices are observed for 4:1, 16:1 and 
13 
 
80:1 contraction. Vortex growth for 4:1 is 
different than other two suggesting that 
vortex size and shape depends on the 
contraction ratio. Effect of different 
corner geometries like sharp corner, one 
corner cut off or both cut off and ramp 
geometry. Large unstable vortices are 
present in case of sharp corners and 
they reduce in size and stabilize when 
the corners are cut off. 
Cable and 
Boger [2] 
1978 E A 2:1, 
4:1 
PAA. 2 
polymer 
grades 
with conc 
from 0.4 to 
2w% 
0.1<Wi<0.
7 
0.2<Re<280 
for 4:1 and 
0.02<Re<60 
for 2:1 
Two vortex patterns are observed: 
Vortex growth regime and divergent 
vortex regime. Vortex growth the flow 
profile was smooth, for divergent flow 
decelerates at the central plane and the 
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vortex size decreased with increase flow 
rate 
Cable and 
Boger [3] 
1978 E A 2:1, 
4:3 
PAA. 2 
polymer 
grades 
with conc. 
from 0.4 to 
2w% 
- - Flow accelerates in the vortex growth 
regime at the center and decelerates in 
divergent vortex time at the center. 
Cable and 
Boger [4] 
1978 E,
N 
A 2:1, 
4:2 
PAA. 2 
polymer 
grades 
with conc 
from 0.4 to 
2w% 
- - After max vortex height was reached, 
two different flow patterns could be 
observed after that. If flow is increased 
from vortex growth regime then 
divergent flow is observed. If the flow 
rate is high initially, and then decreases 
to the state of divergent flow, vortex 
15 
 
pattern became unstable 3D (instead of 
seeing divergent flow). 
Howard et 
al [21] 
2010 E P 8:1 Atactic 
Polystyren
e (PS) 
Mw=6.9M
Da. 
(Mw/Mn=1
.15 
polydisper
sity index) 
8.7<Wi<15
62 
0.07<Re<11
.2 
100 to 300 Wi localized wall 
birefringence. 300 to 600Wi fluctuating 
birefringence strands at unsteady flow. 
Wi>600 bright birefringence. Strain is 
almost 0 for Wi<150 (Newtonian flow 
regime), rapidly increases during 
unstable flow and reaches a plateau at 
Wi>=400 corresponding onset of flow. 
Hemming
er et al 
[22] 
2010 E P 4:1 DNA 
(5.0E7 
g/mol or 
7.5E4 
0.0376<Wi
<21,200 
4.21x10^-7 
<Re< 1.78 
Stained small number of DNA molecules 
to track the behavior in the channel to 
gain information about molecular 
mechanism for flow instability. Two fluids 
with same linear viscoelasticity showed 
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base pairs 
(bp)) 
different flow pattern thus the flow is not 
just affected by viscosity or solution 
concentration as traditionally known. 
Marín-
Santibá˜n
ez et 
al[23] 
2009 E P 75.9:
1 
100mM 
cetylpyridi
nium 
chloride 
and 
sodium 
salicylate 
60mM 
 Re<<4.97 Lip vortices were observed in upstream 
region and became unstable later. 
Gulati et al 
[24] 
2008 E P 2:1 Semi dilute 
lambda-
DNA 
0.8<Wi<62
9 
6E-
7<Re<9.8E-
2 
Strong, steady and symmetric vortex 
with increasing Re and Wi. Peak 
pressure drop delta-p=4.2 at Wi=565. 
DNA is highly elastic, but no lip vortex 
mechanism or diverging streamline was 
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observed but steady symmetric growth 
even at low Wi is observed. different 
Yesilata et 
al [25] 
1999 E A 8:1 Polyisobut
ylene (PIB 
Boger 
Fuid) 
 Re= 0.011 
approx 
De<4.5 Flow is not unstable4.5<De<4.8 
the flow becomes unstable. 
McKinley 
et al [26] 
1990 E A 4,6,8 PIB Boger 
Fuid) 0.31 
wt% PIB, 
4.83 wt % 
C14 
(tetradeca
ne)and 
94.86 wt% 
PB. 
  Fluid has high elasticity and thus high De 
can be reached. At De<1.0 flow is less 
elastic and behaves like Newtonian fluid, 
Moffat corner vortex is observed. 
De=3.40,RE=0.041 Small lip vortex and 
diverging streamlines. De=3.92 
Re=0.056  elastic vortex growth. For 6:1 
and 8:1 (over a range of De) lip vortex 
and corner vortex co-exist. 
 
Table 1.1 Review of Contraction and Expansion geometry experiments
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2.0 EXPERIMENTAL DETAILS 
2.1 Manufacturing microchip: 
Manufacturing a microchip in an academic setting is usually performed using soft 
lithography. There are other methods of manufacturing microchip like 3D printing, etching, 
injection molding etc. All these methods can be used for making microchips and have their 
advantages like the microchannel with small dimensions can be made using etching 
technique whereas injection molding can be used for large number of production mostly 
in commercial setting. For our purpose, the soft lithography technique works best because 
it is cost effective, simple process and can provide least dimension of microchannel up to 
15µm. Soft lithography method is similar to casting method (sand casting) where a pattern 
(or mold here) is used to replicate the required part geometry. In soft lithography, the mold 
is made up of a photoresist and a polymer is used to take the shape of the mold. 
Polydimethylsiloxane (PDMS) which is biocompatible, transparent and inexpensive.  
In this method, the first step is to clean a glass slide on which the microchannel mold will 
be prepared. The glass slide is cleaned using an ultrasonic cleaner, figure 2.1, which 
produces high pressure waves that knock off any dirt on the glass slide rendering a clean 
surface.  This clean glass slide is coated with photoresist (SU-8-25 Photoresist, 
MicroChem) with its thickness depending on the depth of microchannel one needs to 
achieve. This coating is done in steps by spinning the glass slide smeared with photoresist 
at various speeds for a certain amount of time in a spin coater (WS-400B-6NPP/LITE, 
Laurell Technologies). For a 40 µm deep channel, the glass slide is spun at 500 rpm for 
10 s and ramped up by 300 rpm/s to final spin speed of 1000 rpm for 28.3 s. After coating 
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with PDMS, the glass slide is baked on hotplate (HP30A, Torrey Pines Scientific) at 65℃ 
for 5 minutes and 95℃ for 15 minutes.  
 
Figure 2.1: Branson 2510 Ultrasonic Cleaner 
The next step in mold preparation is to mark the channel geometry on the glass slide. This 
can be done with the help of a photo mask as shown in figure 2.2. This mask was provided 
by CAD/Art Services Inc. with the channel geometry drawn using AutoCAD. The masked 
glass slide is then exposed to UV light of wavelength 350nm (ABM Inc.) for 30s. It is then 
baked at 65℃ for 1 minute and 95℃ for 4 minutes. The mold can be obtained by 
developing it in SU-8 developer solution (MicroChem) for 2-4 minutes and then rinsed in 
isopropyl alcohol (Fisher Scientific).  
The mold is ready and can be used multiple times. A microchannel can be made by 
pouring polydimethylsiloxane (PDMS) mixed with curing agent in the ratio 10:1 on the mold 
placed in a petri dish. The liquid PDMS is allowed to solidify in a gravity convection oven 
(13-246-506GA, Fisher Scientific) for about 3 hours. After solidification, the chip can be 
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cut and peeled off from the petri dish and bonded to a glass slide. Bonding and rest of the 
experimental procedure is explained in next sub-section.  
 
Figure 2.2 Photo masks with channel geometry used for UV exposure. Top mask 
contains contraction-expansion geometry and bottom mask contains cavity 
channel geometry 
2.2 Experimental procedure: 
After the PDMS is cured, a rectangular piece containing the shape of channel can be cut 
and peeled off from the glass slide using a scalpel. Then, holes are punched to aid in 
adding and removal of fluid from the microchannel. Holes are punched using a 2mm 
diameter syringe needle. Any loose dirt or debris from punching holes is removed by 
spraying Nitrogen gas. Meanwhile, glass slides dipped in acetone are cleaned in an 
ultrasonic cleaner. Ultrasonic cleaner and acetone can remove any grease and dirt from 
the glass surface without damaging the surface of glass. This clean glass is washed with 
deionized water and excess water is blown off with Nitrogen gas and then dried on a hot 
plate till any remaining water evaporates. This clean glass and the PDMS chip are placed 
inside a plasma cleaner glass chamber (Harrick Plasma Cleaner), figure 2.4. Plasma is 
used to activate the PDMS and glass surface and is a three step process. First, vacuum 
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is formed inside chamber, second is to turn on the plasma power and last step is to set 
the power of the plasma. Maintaining vacuum is very important to achieve an effective 
bonding. After surfaces are activated, the active PDMS chip is placed over the active glass 
slide. A good bonding can be identified if the PDMS chip and the glass slide instantly stick, 
if not then the sides of the PDMS can be pressed to bring all the PDMS surface in contact 
with the glass slide. This microchannel assembly, can be baked on hot plate for about two 
minutes, to enhance the bonding.  
 
Figure 2.3 Tools used for preparing microchannel to be bound to glass slide: 
From top to bottom- Scalpel, syringe with wide needle and forceps 
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Figure 2.4 Harrick Plasma cleaner-PDC 32G 
After the microchannel is ready, it is time to set it up for experiment. The test solution is 
gathered and 0.1% volume of 0.995µm Polystyrene particles (Bangs Laboratories) are 
added to each solution to visualize the flow in the channel. The small size of the particles 
makes sure that the inertia of the particles can be neglected and can be confirmed by 
particle Reynolds number as explained in § 1.2.1. The particle fluid mixture was then 
pumped in the channel with the help of syringe pump (KD Scientific) as shown in figure 
2.5, and a syringe with inner diameter of 4.606mm. Plastic tubes were inserted in the holes 
punched onto the microchannel to carry the test fluid into and out of the channel. Flow rate 
was adjusted on the digital flow control panel on the pump, and the range selected was 
from 0.05ml/hr to 50ml/hr, giving us a wide range of Reynolds number and shear rate. The 
channel geometry before and after the constriction- expansion region and cavity region is 
exactly the same, hence the orientation of the channel did not affect the experimental 
results. The microchannel is held under an inverted microscope (Nikon Eclipse TE2000U, 
Nikon Instruments) with a CCD camera (Nikon DS-QilMc). The microscope is focused only 
on the central part of the microchannel, as most of the activity will take place in this area. 
Final experimental setup is shown in figure 2.6. 
25 
 
 
Figure 2.5 KD Scientific pump 
 
Figure 2.6 Visualization setup with computer and inverted microscope 
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2.3 Solution preparation: 
Different types of fluids were prepared for the experiment, each having different 
rheological properties. The main parameters defining the rheological properties of the fluid 
are elasticity, shear thinning and viscosity of fluid. The fluids that were made are: (1) 
deionized (DI) water - a constant viscosity Newtonian fluid used as a base case; (2) the 
mixture of DI water and glycerol (approx. 54%) - Newtonian fluid with a larger viscosity 
than water; (3) 5% wt and 1% wt polyvinylpyrrolidone (PVP) solution (Mw = 0.36 ×106 Da, 
Sigma-Aldrich) - purely elastic fluid with a negligible shear-thinning effect; (4) 2000 ppm 
xanthan gum solution (Tokyo Chemical Industry) -purely shear thinning fluid; (5) 1000 ppm 
polyethyleneoxide (PEO) solution (Mw = 2 ×106 Da, Sigma-Aldrich) - strongly elastic and 
mildly shear-thinning fluid; (6) 200 ppm polyacrylamide(PAA) solution (Mw = 18 × 106 Da, 
Polysciences) - viscoelastic fluid with a strong shear-thinning effect. All these polymers 
are initially present in granular powder form which are then dissolved in DI water to form 
a higher concentration of solution. The resultant solutions had almost the same density 
1000kg/m3. The desired concentration of the polymer, as mentioned, is then obtained by 
diluting the high concentration solution with DI water. In this study six different types of 
fluids were used, each having different rheological properties: Deionized (DI) water- 
constant viscosity Newtonian fluid, mixture of DI water and Glycerol (approximately 49%)- 
large viscosity Newtonian fluid, 5% Polyvinylpyrrolidone (PVP) solution (Mw = 0.36 × 106 
Da, Sigma-Aldrich)- purely elastic fluid, 2000ppm Xanthan gum solution (Tokyo Chemical 
Industry)-purely shear thinning fluid, 1000ppm Polyethyleneoxide (PEO) solution (Mw = 2 
× 106 Da, Sigma-Aldrich)- strong elastic and mildly shear thinning fluid and 200ppm 
Polyacrylamide(PAA) solution (Mw = 18 × 106 Da, Polysciences)- high shear thinning, high 
elasticity and inertia. All these polymers are initially present in granular powder form which 
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are then combined with DI water to form a higher concentration of solution. The resultant 
solutions had almost the same density 1000kg/m3. The desired concentration of the 
polymer, as mentioned, is then obtained by diluting the high concentration solution with DI 
water. 
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3.0 CONSTRACTION-EXPANSION CHANNEL 
3.1 Introduction 
In recent years, tremendous development has occurred in the field of microfluidics. Its 
applications include particle manipulation, fluid rheology, lab-on-a-chip (LOC) devices and 
applications in medical devices and chemical industry. Microfluidics is a cheap and 
effective method to study fluid flow phenomenon on small scale [1] which can be 
advantageous for many applications where fluid flow information is a key factor. The 
rheological properties and their effects on fluid flow can be better understood on micro 
level than a macro level as on a large scale the even a weakly elastic fluid will most likely 
behave as Newtonian [2]. Using small length scale, large deformation rate and shear rate 
can be achieved, while maintain low inertia.  
The results from different studies are stated in table 3.1 which show that the rheological 
properties and channel geometry greatly affect the vortex growth pattern and flow pattern. 
Various studies that isolate the rheological properties and study their effects show that 
elasticity makes the flow stable for planar microchannel, while shear thinning property 
makes the flow unstable. While this might be a general overall take away from the previous 
studies, the picture is still not clear. Many papers have shown the discrepancy in the 
results and the variation due to different contraction ratio, fluid concentration, axisymmetric 
or planar or square geometry, etc. There is a need to bring all these results together, verify 
them and compare the effects of the variables on fluid flow. 
In this study, we compare the effect of rheological properties like elasticity and shear 
thinning on flow development in a planar contraction-expansion geometry. Five different 
types of fluids: Water and water/glycerol mixture, Polyacrylamide (PAA), 
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Polyethyleneoxide (PEO), Polyvinylpyrrolidone (PVP) and Xanthan gum solution (XG) are 
used. Water and water/glycerol mixture are used as a base case of Newtonian fluid. PVP 
is a pure elastic fluid and shows no change in viscosity with shear, PEO is a highly elastic 
fluid with some inertia, PAA is highly shear thinning, elastic and high inertia fluid and 
Xanthan gum solution is pure shear thinning fluid. PVP and XG solution have not been 
tested in a microchannel before. XG solution has been tested in a contraction channel on 
mili meter scale [3,4] thus, it will be interesting to see the flow pattern on a micro-scale 
shows. The flow pattern is compared at different flow rate, Reynolds number and 
Weissenburg number. 
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Author 
 
Year E/
N 
P/A
/S 
CR Fluid Wi / De 
range 
Re range Comments 
 
Rodd 
et.al [5] 
2010 E P 16 0.1wt%, 
0.3wt% PEO 
of 2E6 
0<Wi<450 0<Re<50 Increasing length of contraction (Lc) 
destabilized the flow upstream- from 
stable to symmetric vortex to chaotic 
vortex- when Re and El were constant. 
Higher elasticity improves stability. 
Rodd et. 
al [6] 
2007 E,
N 
P 16 0.78<c/c* 
< 1.09 
0.4<Wi 
<42 
0.03<Re<12 Change in shape of streamline in the 
upstream at low Wi. Steady viscous flow 
observed at a Wi=3-4 for El=2.8, 7, 19 and 
at Wi=10 for El=68. For low elastic fluids 
(2.8, 7, 19) at Wi=10-11, the flow shows 
'diverging flow' regime, and for El=68, div 
flow regime at Wi=17 to 20. At Wi=17 low 
elasticity fluid become 3D and unstable. 
31 
 
Rodd et. 
al. [7]  
2005 E P 16 0.05,0.1,0.3% 
PEO 
18<Wi<27
9 
5<=Re<72 Effect of inertia causes vortices to grow in 
downstream starting with formation of lip 
vortex, and for PEO asymmetric vortex 
forms in the upstream region showing 
effect opposite to Newtonian flow. 
Rothstein 
et al  [8] 
2001 E A 2-8 0.025wt% PS 0<De<7 Re<0.1 For CR 2:1, lip vortex is observed and for 
CR 4-8 corner vortex is observed. For 
sharp entrance the vortex size is larger, for 
rounded entrance the vortex size is smaller 
at same Deborah number. Rounding 
corners delays the onset of vortex 
transition. 
Miller et 
al [9] 
2009 E P 16 PEO and 
PEO-SDS 
mixture 
(0,5,8,16,32) 
0<Wi<100 0<Re<12 The addition of surfactant to polymer 
shows chain expansion and chain stiffness 
which increases the instability of flow, and 
flow becomes unstable at lower flow rates 
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as the concentration of surfactant 
increases. 
Lanzaro 
et al [10] 
2015 E P Hyp
erb
olic 
40:
1 
1000ppm and 
2500ppm PAA 
31<Wi<=8
60 
0.2<Re<26.5 High Hencky strain can produce 
extensional flow of constant deformation 
rate in Newtonian fluids. For non-
Newtonian fluids, low El steady and 
symmetric corner vortices at high Wi and 
for high El no steady and symmetric flows 
are observed. 
Rothstein 
et al [11] 
1999 E A 4 0.025wt% PS 0<De<7 Re<0.1 At De=0.05, the 0.025%PS/PS solution 
shows Moffatt vortices (weak circulations), 
size of corner vortex increases with De and 
become oscillating. 
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Pérez-
Camacho 
et al [12] 
2015 E,
N 
A 2,4,
6,8,
10 
0.1wt% Boger 
PAA+syrup-
water solution  
and 2.5 wt% 
Shear thinning 
HASE solution  
De ≤ 18 Re<0.1 First normal shear stress affects the vortex 
size. When N1 is same for both Boger and 
shear thinning fluid the vortex size is 
comparable. Boger fluid: in small CR fluid 
is Newtonian like due to less shear rate. 
For higher CR transition from lip to corner 
vortex is observed. Pressure drop 
decreases and then increases with Re and 
is predicted by model also relative to 
Newtonian case (constant pressure 
drop=1). Shear thinning fluid has larger 
normal stresses at similar shear rate than 
Boger fluid. Shear thinning is dominant at 
4:1:4. 
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Campo-
Deaño et. 
al [13] 
2011 E,
N 
P Hyp
erb
olic: 
D1=
400
, 
D2= 
54 
400,250,125,
50ppm PAA 
+1%NaCl 
 0.62<Re<12.3 Relaxation time of low viscosity fluids can 
be found using Deborah number relation. 
Study shows the effect of elasticity of low 
viscosity Boger fluids and find relaxation 
times.  
Hidema 
et al [14] 
2019 E P 8, 
16 
0.15% to 
0.45% of Na-
HA (one type 
dissolved in 
water and 
other in PBS 
solution) 
10<Wi<25
00 
Re<1 Unstable and fluctuating flow at Wi for 
small Lc. Effect of contraction ratio and 
aspect ratio is not different than previous 
studies. Entanglement of polymer affected 
the flow significantly. 
Table 3.1   Flow pattern in contraction-expansion geometries
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3.2 Experiment 
The microchannel as shown in figure 3.1 has the contraction-expansion geometry. The 
central region, as highlighted by red rectangle in figure 3.1, was the region of our interest 
as the effects of sudden contraction and expansion were most noticeable here. The 
solution preparation and bonding of channel is explained in § 2.2 and 2.3. Flow rate was 
adjusted on the digital flow control panel on the pump, and the range selected was from 
0.05ml/hr to 50ml/hr. The microchannel as shown in figure 3.1 has a planar construction, 
with contraction expansion ratio of 10:1:10. Our aim was to make a 40 µm deep channel 
but the actual depth (h) came out to be nearly 60µm. The constriction width (wc) is 40µm, 
main channel width (wu) is 400µm and the length of constriction (Lc) 200µm. The 
microchannel is as shown in figure 1 and has one inlet and one outlet. 
 
Figure 3.1 Contraction-Expansion Geometry with expansion ratio of 10:1:10 with 
inlet and outlet tubes. Red box shows enlarged view of the channel 
3.3 Results 
3.3.1. The sole effect of inertia  
The sole effect of inertia on flow in the constriction channel is observed using water. Figure 
3 shows the flow pattern at different Reynolds number. For a low Reynolds number (𝑅𝑒 ̴1) 
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the flow is symmetric about the central region along the length of the channel as seen in 
figure 3 (a). As the Reynolds number increases, above Re=8.9, the lip vortices start 
forming downstream right where expansion region starts in the downstream after 
constriction. The size of lip vortex along the width of the microchannel, denoted by Llip, is 
observed to grow as the Reynolds number increases, showing effect of inertia. At slightly 
higher Reynolds number (Re=15) the lip vortex then grows in width till it hits the corner of 
the downstream region wall and then grow in length downstream as the Reynolds number 
increases further (Re> 15) as seen in figure 3 (d). The size of vortex can now be quantified 
by Lv, the length measured in downstream direction. The vortices still remain symmetric 
at a very high Reynolds number, upto 149.34, as seen in figure 4. The symmetry of the 
vortices is highly dependent on the aspect ratio as explained by Oliveira et.al (2008) [15] 
in their work, where flow becomes asymmetric when aspect ratio is very high. Our current 
experimental results are in good agreement with the analysis presented in the paper as 
far as range of Reynolds number and aspect ratio is concerned. Asymmetric vortices were 
not observed in our case since the aspect ratio and Reynolds number is not very large.  
 Another test for Newtonian fluid case using high viscosity fluid was conducted and the 
results are shown in figure 5. A mixture of DI water and 49% glycerol was used, which is 
also a Newtonian fluid, to give us the viscosity of about 7.56 mPa.s at 21℃. In this case, 
the circulations began at a higher Reynolds number (Re 1̴5) compared to the DI water 
case, as shown in figure 5(b). The vortex growth pattern is similar to the case of DI water: 
formation of lip vortex, growth of lip vortex, formation of corner vortex and then growth of 
corner vortex in downstream direction. The size of the vortex is smaller than the pure water 
case if compared at similar Reynolds number in figure 3 and 5. This shows that the size 
of circulation is highly affected by the inertia of fluid. Another advantage of this test is that 
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the flow of viscoelastic PVP solution could be understood better, as discussed in next sub-
section as viscosity of two fluids is the same.  
 
Figure 3.2. Expansion region of the channel showing flow of DI water 
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Figure 3.3. Flow of DI water at 40ml/hr and Re=149.34 
 
Figure 3.4. Flow of DI water and 54% glycerol mixture showing vortices in 
downstream region 
3.3.2 The sole effect of elasticity 
PVP is highly elastic and viscous fluid. Its viscosity does not change over a large range of 
shear rate as seen in figure 2. The effect of this viscoelastic fluid in contraction-expansion 
channel is shown in figure 5. As mentioned earlier, the water/ glycerol mixture has same 
viscosity as PVP solution and can be used to focus only on the elasticity property of PVP 
solution. At lower Reynolds number (Re<10), figure 6(a), the flow is similar to the 
water/glycerol mixture case where the flow lines are symmetric in the upstream and 
downstream region about the central plane. In figure 6(b), slight bending of the flow lines 
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in the upstream region is observed at a slightly higher Reynolds number (Re>15), which 
is not the case for water/glycerol mixture. Similar elastic bending has also been observed 
by Rodd et. al. [7] in their paper with viscoelastic PEO solution. After increasing the 
Reynolds number further, the effect of inertia start to dominate and circulations in the 
downstream are observed after which lip vortex is observed and it grows in similar fashion 
to Newtonian case. The size of vortex and growth is very similar in case of PVP and 
water/glycerol mixture. In earlier studies, elasticity of fluid has shown to have a stabilizing 
effect on fluid flow or delay the occurrence of circulations, which is also evident from this 
flow.[6] 
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Figure 3.5. Flow of 5%PVP at increasing Reynolds number and Weissenburg 
number 
3.3.3 The sole effect of shear thinning 
Xanthan solution is purely shear thinning fluid with negligible elasticity. This solution was 
never studied before in a micro channel and allows us to study individual effect of shear 
thinning on the flow. At lower flow rates, the effect of inertia can be neglected as the 
viscosity of the solution is large. The effect of shear thinning is shown in figure 7. In this 
case, the vortices are observed in the upstream region as opposed to pure elastic or 
Newtonian case discussed earlier, and Newtonian like in the downstream at low Reynolds 
number. Circulations are formed at a very small Reynolds number (Re=0.08), figure 7(a). 
These circulations are symmetric and extend till the side walls of the channel. The fluid 
experiences shear force due to its passage through the microchannel at the walls and the 
flow at the center of the channel is extensional. Till Re=2, figure 7 (c), symmetric vortices 
are observed which become unstable with increase in Reynolds number. The vortices 
seem to become chaotic but still maintain some symmetry. In the meanwhile, the 
streamlines in the downstream region are not Newtonian like any more as they start to 
bend right in the expansion region, as seen in figure 7 (e) at Re>=16. At even higher 
Reynolds number (Re= 24.69) corner vortices are observed in the downstream. These 
downstream vortices could be due to the increase in the flow rate and that the inertia has 
become dominant. These corner vortices are symmetric and can be seen to grow with 
further increase in Reynolds number from corner to the center of channel and then further 
in the downstream region as seen in figure 8.  
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Figure 3.6. Flow of Xanthan gum solution showing effect of shear thinning in 
upstream region. 
 
Figure 3.7. Circulations in downstream region for Xanthan gum solution 
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3.3.4 The combined effect of elasticity and inertia 
Polyethylene oxide (PEO) is a viscoelastic fluid and the properties are given in table 2. At 
Re=9.42, streamlines start to bend as seen from figure 9(a) and below this Reynolds 
number the flow was observed to be like the Newtonian case. At a slightly higher Reynolds 
number shown in figure 9(b), the bending of the streamlines in the upstream region is 
more evident. The elasticity in this case is helping to stabilize the flow as compared to the 
Newtonian case where circulations were observed at Re< 12. The bending of streamlines 
is symmetric until Re=18.83 is reached where the bent streamlines collapse into a single 
vortex on one side of the wall near the contraction in the upstream region (figure 9(c)). On 
further increasing the flow rate and Reynolds number, the size of the single vortex 
increases along the length of the channel and bending of stream continues on the other 
side. At Re= 75.33 another small vortex on the opposite corner of the channel is observed 
while the initial large vortex continues to grow. This flow pattern shows the effect of both 
elasticity and inertia of the flow where the fluid tries to stabilize at lower flow rates as 
elasticity dominates and further the inertia destabilizes the flow. The combined effect of 
inertia and elasticity is different from the sole effect of elasticity or inertia. The Reynolds 
number and Weissenburg number at which a vortex is induced, is highly dependent on 
the concentration of the fluid and contraction ratio of the channel as studied by Rodd et. 
al where similar flow patters was also observed.[5]   
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Figure 3.8 PEO solution at increasing Reynolds number and Weissenburg number 
3.3.5 The combined effect of inertia, strong elasticity and strong shear thinning 
PAA is a polymer solution which shows a combined effect of high shear thinning, elasticity 
and inertia. The results of this fluid flow are as shown in figure 10. The combined effect of 
all three physical properties makes the flow unstable. At lower Reynolds number (Re< 1), 
the flow pattern is similar to as observed in Xanthan gum solution, showing that the shear 
thinning effect is dominating. As the Reynolds number increases further, the Weissenburg 
number also increases meaning that the elastic effects takes action and the flow lines 
bend in the upstream region. Not only the streamlines bend but also become unstable and 
the vortices are observed to be oscillating from large to small length making them 
asymmetric. Figure 12 shows the unstable oscillating vortices with time. It is observed that 
the vortex oscillates and then collapses and reappears, continuing to oscillate further. 
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These upstream vortices grow very large in size as the flow rate or Reynolds number is 
increased further such that it could not be fit in our observation range. Eventually, the 
vortices are also observed in the downstream region, similar to Xanthan solution in figure 
7 but at a higher flow rate (Re=100).  
 
Figure 3.9 200 ppm PAA showing strong shear thinning and elasticity effect 
 
45 
 
Figure 3.10 Vortices developing in downstream while upstream vortices are large 
and unstable for 200ppm PAA 
 
Figure 3.11 Oscillation of 200ppm PAA shown with increase in time 
3.3.6. Dimensionless vortex length 
Vortex growth can be quantified by measuring the size of vortex as it grows with flow 
rate. The dimensionless size of vortex for each polymer solution is plotted against 
Reynolds number as shown in figure 12. The vortex size is normalized by the 
constriction width (χL=Lv/wc).  
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Figure 3.12. Non dimensional vortex length against Reynolds number. Filled sign 
for upstream vortex length and hollow sign for downstream vortex, cross and star 
for Newtonian fluid. 
It is observed that all the solutions follow a different curve, which gives us a better insight 
of the effect of rheological properties. As seen from the figure 13, DI water has the largest 
vortex size at Reynolds number above 100 and the size is observed to increase linearly. 
For a high viscosity water/glycerol mixture, the size of vortex has reduced drastically and 
is comparable with that of 5%PVP solution. This shows that viscosity greatly affects the 
vortex size. An upstream asymmetric vortex is observed for elastic PEO solution and the 
size of larger vortex is plotted in the figure. The size of vortex gradually increases with 
Reynolds number. In case of Xanthan solution, both upstream and downstream symmetric 
vortices are observed. The upstream vortices are denoted by filled squares and 
downstream ones with hollow squares. In the upstream region, the vortex grows rapidly 
till Re=10, after which it grows only a little till Re=60. At Re> 60, the vortex still continues 
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to grow, but due to high flow rate a clear vortex detachment is not observed hence the 
exact length cannon be measured. Vortices in the downstream can be seen to form at 
Re>40. They also increase linearly with a similar trend as that of water at higher flow rate, 
which supports our hypothesis that the downstream vortices are an outcome of fluid 
inertia. At last, the PAA solution which is highly elastic and shear thinning is observed to 
have a two symmetric vortices at lower flow rate. The size of only those small symmetric 
vortices is measured and shown on the graph. As seen from the figure, the vortex size 
has rapidly grown for just a slight Reynolds number increase. After increasing the flow 
rate, the vortices become unstable as discussed earlier and thus the size of the vortex is 
not plotted here. However, it was observed that the size of the asymmetric vortex grows 
very rapidly and reaches as long as the distance from the inlet to the constriction which is 
1cm. For PAA, downstream vortices are also observed at high Reynolds number (Re>100) 
similar to Xanthan solution. One reason for the downstream vortices to appear at a higher 
flow rate could be due to high elasticity of PAA solution which were responsible to delay 
the appearance of vortices in PVP solution. It is easy to imagine that the vortex size would 
have increased similar to Xanthan solution had we taken the flow rate higher than 50ml/hr.  
3.4 Conclusion  
In this work we analyzed the effect of rheological properties on the flow through 
constriction microchannel with constriction ratio 10:1:10. We observed the flow of six 
different fluids with different rheological properties and compared them at different 
Reynolds number and Weissenburg number. Xanthan and PVP solution were studied for 
the first time in a constriction microchannel. All the fluids with different rheological 
properties showed different flow patterns and vortex growth patterns. Downstream 
vortices were observed in case of DI water and DI water/glycerol mixture, where lip vortex 
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was observed to form first which then extended to the corner to form a corner vortex and 
increase in length downstream. Similar vortices were observed in case of PVP solution 
with similar vortex growth mechanism but only at a higher flow rate than DI water. The 
flow rate of PVP and Water/glycerol mixture at which vortex growth started was 
comparable. The elastic PVP did show some elastic bending of flow which was not 
observed in DI water.  For the shear thinning fluids, Xanthan and PAA, vortices were 
observed in the upstream and in the downstream at higher flow rate. The upstream vortex 
for the purely shear thinning Xanthan was fairly symmetric and stable as opposed to PAA 
which is also highly elastic. Upstream vortex in PAA was very unstable and the vortex was 
oscillating from small to large length wise and one reason for this behavior could be the 
elasticity of the fluid causing stretching of fluid making it unstable. Lastly, the PEO solution 
was the only solution with an asymmetric vortex in the upstream region. A single corner 
vortex was formed at around 8ml/hr. which grew in size with flow rate and another smaller 
vortex was formed in other corner at higher flowrate. We can say that the elasticity was 
suppressed the growth of vortex.  
A clear comparison of the fluids and their properties is seen in this work. This work might 
help in streamlining some of the findings and make analysis easier. The information from 
this paper would be advantageous for developing lab-on-a-chip devices or in other micro 
level flows where the fluid has non-Newtonian nature. All the advantages of microfluidics 
like less cost and ease to handle also make this study and method more valuable. One 
can conduct a parametric study to understand the effect of different parameters like 
contraction ratio, contraction length and aspect ratio to gain a detail understanding of this 
problem in the future.  
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Figure 3.13 This figure summarizes the vortex flow pattern for all fluids (except 
water/glycerol mixture for clarity purpose.) The vortex development patterns is 
divided into two parts (a) Vortices observed in contraction part of the channel 
(upstream) (PEO, Xanthan gum and PAA solution); (b) Vortex development in 
expansion part of channel (downstream) (DI water, PVP, PAA and Xanthan gum 
solution). (Symbols have the following meaning:  no bending or vortex; stable 
lip vortex;  stable corner vortex;  unstable corner vortex;  stable asymmetric 
vortex; - bending streamlines 
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4.0 CAVITY CHANNEL 
4.1 Introduction 
Microfluidics is widely used to study the fluid flow and fluid properties in a simple way. 
Abrupt changes in the channel geometry are commonly seen in different applications like 
extrusion, fluid flow in porous medium, inkjet print head etc. Thus, studying the flow of 
non-Newtonian fluids can be of great use in these cases in a small scale channel and also 
to design the right size and shape of the channel.  
The flow of fluid through a suddenly expanded part is very commonly occurs in lab-on-a-
chip (LOC) devices used in different fields, microinjection injection molding, inkjet print 
heads and flow through porous medium. Such channels are also used for trapping and 
sorting of fluid particles for cell enrichment and cell isolation [1]. The circulation formed 
inside the flow cavity is commonly referred to as flow cell.  The Reynolds number at which 
the flow cell start appearing is called the critical Reynolds number which is an important 
part of the analysis for many studies. Similar terminology is used in current experimental 
results to characterize the onset of flow circulation by use of critical Reynolds number. 
Since this channel used for particle entrapment a lot of focus is presented on the size of 
the particle to be trapped and the dimensions of the channel. The fluid type also plays 
important role in this case considering the lift forces generated in the channels due to 
inertia or shear. [2] The cavity channel is also studies as open cavity or lid driven cavity 
with only one well is analyzed as opposed to two symmetric wells in our case.  
A brief summary of the work done previously for the cavity channel is as shown in table__. 
Numerical and experimental study of Newtonian fluid in only expansion channel (not 
cavity) is also shown in the table. More work is done in the experimental part of Newtonian 
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flow but very less attention is given to the non-Newtonian fluids. One study using non-
Newtonian fluids used in a continuous contraction, expansion geometry shows vortex 
growth pattern in the flow of PAA solution. The fluid instabilities vary due to the fluid 
concentration and its relaxation time. It is important to consider the expansion channel for 
the before mentioned reason of use in LOC devices therefore, this study will play as a 
foundation to many different studies that can be conducted. 
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Author Year E/N P/A/S CR Fluid Wi /De 
Range 
Re Range Comment 
Haddadi et 
al [2] 
2017 E, N P  PS particles 
suspended in 
buffer (DI 
water+ 0.08 
v/v% glycerol+ 
X100 
surfactant) 
- 30<Re<308 Inertial flow of dilute 
suspension is studied and 
interaction of particles 
with flow in cavity called 
flow cell. Size based 
trapping of cells is 
achieved. Effect of cavity 
width and cavity length is 
done. With increase in 
either cavity length or 
width the number of 
trapped particles 
increases. Maximum 
trapping is achieved at a 
specific Reynolds number 
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value called Remax 
depending on different 
particle size, width and 
length of the channel. 
Galindo-
Rosales et 
al [3] 
2012 E P E 
1:3 
DI water and 
50,125 ppm 
PAA (18x10^6 
g/mole) 
0.03<De<19.3 0.27<Re<4.49 Continuous expansion 
contraction geometry is 
used in this paper with 
symmetric and 
asymmetric wells. Flow 
becomes unstable at low 
De for 125 ppm PAA due 
to high relaxation time 
than 50 ppm PAA.  
Mizushima 
et al [4] 
1996 N P     For high aspect ratio, ratio 
of length to width of 
expansion region, the 
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pitch fork bifurcation 
occurs making the flow 
asymmetric, but 
increasing Re makes it 
symmetric and further 
increase in Re makes it 
asymmetric. for low 
aspect ratio, asymmetry 
occurs due to Hopf 
bifurcation 
Tsai et al 
[5] 
2007 E,N P E 
1:3 
Newtonian  0.1<Re<50 2D simulation shows 
formation of corner vortex 
in expansion channel, but 
experimentally it is 
achieved at high aspect 
ratio at low Re. vortex is 
formed in the inner convex 
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corner if aspect ratio <= 
0.5; but in the outer 
concave corner as aspect 
ratio >= 1. 3D simulation 
can make better 
prediction. 
Revuelta 
[6] 
2005 E,N  E 
0.1, 
0.2 
Newtonian  Re=35, 50,90 Asymmetric flow is 
observed at higher 
Reynolds number. Jet 
Reynolds number is also 
imp parameter 
Durst et al 
[7] 
1993 E,N P E1:2 Newtonian  Re= 70, 300, 
610 
Flow is symmetric till 
Re=175, above which it 
become asymmetric. One 
large vortex and one small 
, the larger vortex 
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becomes even larger with 
increase in Re 
Fearn et al 
[8] 
1990 E,N A E1:3 Newtonian  0<Re<400 Asymmetric flow vortex is 
observed and numerical 
results also agree with 
experimental results. 
Durst et al 
[9] 
1974 E P E 
1:3 
Newtonian  Re= 
56,114,252 
At Re=56, symmetric 
pattern, flow seems 3D. 
For Re=114 and 252, the 
flow becomes asymmetric 
but still stable. Flow 
oscillates with increase in 
Re and highly 3D. 
Hong et al  2016 E P  250 and 
500ppm PEO 
(2*10^6kg/mol) 
  Flow mixing is possible 
due to inertio elastic 
instability of the fluid. 
Table 4.1: Review of cavity channel experiments
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4.2 Experiment 
The microchannel is as shown in figure 4.1 and has a planar construction, with desired 
expansion ratio of 1:10:1. The actual expansion ratio is 1:8.43:1 due to inaccuracy 
introduced in the mold fabrication process. The width of the narrow passage of the channel 
or the main channel is denoted by 𝑤𝑐 and measured to be 60 µm when it was aimed to be 
made as 50 µm. The width of the expansion cavity is denoted by 𝑤𝑒 and is measured to 
be 506 µm and length 𝐿𝑒 is also 506 µm. The intended width and length of expansion 
cavity were both 500 µm. The actual depth of the channel is 45 µm where the aim was 40 
µm. The total length of the microchannel, excluding the inlet and outlet section is 1 cm. 
The microchannel is as shown in figure 4.1 with red color die highlighting the channel 
geometry. The rectangle shows enlarged view of the channel and the naming of the 
dimensions. Inlet and outlet tubes can also be seen in the figure.  
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Figure 4.1 Microfluidic channel geometry of the cavity channel with inlet and 
outlet tubes.  Red box shows enlarged view of the channel and indicates the width 
and length of expansion and narrow region 
0.1% volume of 0.995µm Polystyrene particles (Bangs Laboratories) were added to each 
solution to visualize the flow in the channel similar to the contraction channel experiment 
for the same reason. These small particles do not show any focusing phenomenon and 
travel with the fluid, which proves to be useful to us in this case to visualize the flow. The 
experiment was then carried out as explained in § 2.2 and §2.3. The flow rate was steadily 
increased with the help of a pump (KD Scientific) and a syringe with inner diameter of 
4.606mm. The range of flow rate at which the fluids are tested is form 10 ml/hr. to 45 ml/hr. 
and the Reynolds number range of 0.02< Re< 238.09, Weissebburg number is studied 
from 3.25< Wi< 9773.66. Flow pattern was studied and the vortex size was quantified 
using the dimensionless vortex length for this experiment as well.  
4.3 Results 
4.3.1 The sole effect of inertia 
Pure water is the most widely used fluid to study the Newtonian behavior of fluid in a 
microchannel. Since the water does not have any elasticity or shear thinning, it can serve 
as a good base for our experiments for comparison. As seen from figure 4.2 the range of 
Reynolds number studied is from 5.29 to 238.09. The behavior of water could be predicted 
to be similar to that of contraction-expansion channel experiments. The fluid shows no 
bending at a low flow rate. As the flow rate increases, a small lip vortex starts forming at 
around 7ml/hr, Re=37.07. This lip vortex forms at the upper region of the expansion cavity. 
With further increasing flow rate this lip vortex then grows and touches the side walls at 
slightly above 10ml/hr. The size of the vortex is seen to drastically increase as flow rate 
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increases from 10 to 15 ml per hour, from Re=52.91 to 79.63. At Re = 105.82, the vortex 
touches the bottom vertical wall of the expansion region. Further growth of the vortex is 
not possible due to the length of the expansion region. 
Figure 4.3 shows the flow pattern at higher flow rates. The vortex length increases to the 
length of the expansion cavity at Re = 132.27. The center of the vortex is seen to change 
position as the flow rate increases further. It is observed that the core of the vortex moves 
downward and almost close to the lower expansion wall. This could be due to the increase 
in the inertia of the fluid and the fluid being pushed on the lower wall.  
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Figure 4.2 Pure DI water and particle mixture in the contraction channel 
 
 
Figure 4.3 Pure DI water and particle mixture in the cavity channel at high 
Reynolds number depicting movement of core of vortex shifting downstream 
4.3.2 The sole effect of pure elasticity 
To study the effect of purely elastic fluid, 1% PVP solution is chosen and is shown in figure 
4.3. Since the properties of this fluid are unknown, the flow pattern at different flow rate is 
compared. Although, we know from previous experiment form the contraction-expansion 
channel geometry, the viscosity of this fluid must be lower than 7.65 mPa.s. The fluid still 
has some elasticity even though the fluid concentration is low. Similar to the contraction 
channel experiment, the flow of this PVP solution is similar to the Newtonian fluid. At low 
flow rate no bending of streamlines is observed till 5ml/hr as evident from figure 4.3. At 10 
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ml/hr the fluid at the entrance of cavity is seen to be pushed downwards due to inertia of 
the fluid. This can be clearly seen from the flow at 11 ml/hr as a lip vortex is formed. At 15 
ml/hr the size of the vortex increases and it reaches the corner at around 20ml/hr. The 
vortex grows in similar fashion to that of water as it reaches the downstream part of the 
cavity. The flow rate at which vortex start appearing is delayed due to the presence of 
elasticity and higher viscosity as compared to water. The fluid flow till 30 ml/hr. is show in 
figure. The flow rate could not be increased further more to observe the core of the vortex 
shifting, due to limitations imposed due to the shape of the channel.  
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Figure 4.4 PVP solution and particle mixture showing the effect of elasticity on flow 
 
4.3.3 The sole effect of elasticity and inertia 
PEO is a fluid which exhibits effects of elasticity and inertia at higher flow rate. Due to 
elasticity, elastic bending of streamlines is observed as seen in figure 4.5 similar to that 
seen in the contraction-expansion channel. Initially when the inertia is low only elasticity 
plays a role in fluid flow. Up to 5ml/hr., Re=8.97 no bending of fluid is observed. At around 
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8ml/hr, Re= 14.35, the fluid bending is visible. This bending becomes stronger at 10ml/hr., 
Re=17.94 shortly after that a small lip vortex emerges at the upper part of the expansion 
cavity at 14 ml/hr., Re= 25.11. This lip vortex increases in size and is clearly visible till 
15ml/hr., Re=26.90. After this the flow becomes chaotic with some visibility of upper corner 
vortex at 20ml/hr., Re=35.87 and two more circulations are observed in the lower region 
of the expansion cavity in the corners. At 25ml/hr., Re=44.84 these lower corner vortices 
are seen to grow a little lengthwise. The emergence of lip vortex in case of PEO solution 
is surprising as it is seems to be similar to the Newtonian case. The effect of change of 
channel geometry at upper region of the cavity is more dominant than the elasticity of the 
fluid. Vortex is observed in the lower region at a higher flow rate and the reason for this 
vortex could be due to the bending streamlines in that region. The vortex formation can 
be similar to the contraction channel due to the collapsing of streamlines and forming a 
circulation. At higher flow rate 30ml/hr., Re= 53.81, the upper and lower region vortex 
appears to merged together forming one single corner vortex but the flow become chaotic 
that a clear vortex is not visible.  
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Figure 4.5 Flow of PEO and particle mixture in the cavity channel showing effect of 
elasticity and inertia combined 
4.3.4 The sole effect of shear thinning 
Xanthan solution (XG) is highly shear thinning as seen from the viscosity graphs plotted 
in the previous section. From figure 4.6, it is seen that a lip vortex is observed at the lower 
region of expansion cavity at a very low flow rate 0.1ml/hr. and Reynolds number of 
Re=0.04. These circulations are symmetric all the way to the highest Reynolds number 
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reached of Re= 45.83. The lip vortex is observed to grow till the side walls till flow rate of 
0.5ml/hr, Re=0.42. After this the vortex increases in length along the length of expansion 
channel still maintaining symmetry. The size of vortex does not change much until 10ml/hr, 
Re= 14.35, and the core of the vortex appears to move slightly upwards. The vortex then 
reaches the upper region of expansion cavity wall at 15ml/hr. Re= 22.13, which can be 
seen in figure 4.7. Some bending of flow is observed in the upper region due to the 
formation of vortex, and as flow rate increases even further, the core of the vortex reaches 
the upper region of cavity. At 30 ml/hr. Re= 45.83 another small vortex in lower region 
seems to appear, although the fluid flow is chaotic.  
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Figure 4.6 XG solution and particle mixture flow in cavity channel showing effect of 
shear thinning alone on the flow. Images for vortex size lower than the cavity length 
 
 
Figure 4.7 XG solution at higher flow rate when vortex reaches the upstream wall of 
the cavity  
4.3.4 The sole effect of elasticity, shear thinning and inertia 
The flow pattern of PAA solution is show in figure 4.8. This is the only solution which shows 
oscillating flow. PAA is highly shear thinning fluid and has high elasticity and inertia. The 
vortex are much large in size at a very small flow of 0.01 ml/hr and Re= 0.02. Vortices are 
symmetric and grow in size as flow rate increases. At 1ml/hr, Re= 2.40 the vortex start to 
oscillate a little, but have not reached the upper cavity region yet. At 5ml/hr, Re=12.06, 
the flow becomes oscillating and the larger vortex reaches the upper region. This 
oscillation of vortex is not periodic as for the contraction channel seen in previous chapter, 
which can be seen from figure 4.9. At higher Reynolds number, after 10ml/hr., Re= 24.14, 
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the flow becomes stable again, but shows asymmetric vortices. At 20 ml/hr., Re= 48.30, 
the flow starts becoming chaotic although the vortices can still be identified. At 30ml/hr., 
Re= 72.45, the smaller vortex also increases in length and reaches the upper region as 
seen from figure 4.8 (h). They still maintain asymmetry in the width of the votex. The 
smaller vortex become larger at higher Re=72.45, and reaches the upstream of cavity.  
Figure 4.9 shows the oscillation in the vortex in the PAA solution. This oscillation is not 
periodic unlike the contraction channel case. The vortices stop oscillating at higher flow 
rate, and the reason for this could be the tight space in which these vortices are contained.  
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Figure 4.8 Flow of PAA solution and particle mixture in the cavity channel showing 
symmetric vortices till 1ml/hr. and become asymmetric further increase in flow rate 
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Figure 4.9 Oscillating vortex of PAA solution at 5 ml/hr. Oscillations are not periodic 
as seen from the time intervals for each image taken 
4.3.5 The sole effect of mild shear thinning and mild elasticity 
HA solution is mildly shear thinning and mildly elastic fluid and flow pattern is as shown in 
figure 4.10. This fluid was not included in the contraction channel study, although this is 
yet another case of fluid which can contribute to the analysis of the fluid flow phenomenon. 
Flow of fluid till 5ml/hr, Re= 6.60 does not show any bending of streamlines or circulations. 
A small lip circulation is seen at 16 ml/hr, Re= 21.11. This circulation increases in size and 
reaches the corner of the channel between 20 and 25 ml/hr. the circulation then grows 
downstream.  
73 
 
 
Figure 4.10 Flow of HA solution in cavity channel  
4.3.6 Reattachment lengths 
The vortex growth is characterized by using the dimensionless vortex length given by 
𝜒𝐿𝐸𝑋𝑃 = 𝐿𝑣/𝑤𝑐 . The growth of vortex size till it hits the opposite expansion wall is shown 
in the figure. After the vortex grows till 506 µm which is the length of the expansion 
channel, the vortex cannot grow any further. This dimensionless vortex is plotted against 
Reynolds number to see the vortex growth with flow rate. It is observed that the vortex 
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starts to build at a higher flow rate for water, HA and PEO solution and the vortex originates 
in the upper region of the expansion cavity, thus shown by filled symbols. For water which 
is our base case, the vortex appears at the highest flow rate as compared to other 
solutions. After the vortex start forming, the size increases quickly for small increase in the 
Reynolds number. After the vortex hits the upper region wall, the core of the vortex starts 
to move downward as the flow rate increases, which is not shown in figure. Similar pattern 
is seen for PEO solution. The vortex emerges at around Re = 25.11 which is its critical 
Reynolds number. The vortex then quickly grows in size and the flow becomes chaotic. 
Thus, for a chaotic flow the size of vortex could not be measured, although it is observed 
that the size of vortex does not grow much for a large range of Reynolds number. The HA 
solution also shows similar trend of vortex growth and the vortex appears at around Re 
=19.45. Due to its mild elasticity and mild shear thinning, the growth is similar to PEO. 
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Figure 4.11 Dimensionless vortex length of water, PEO, HA, XG and PAA solution 
plotted against Reynolds number 
 
For the shear thinning fluids XG and PAA, the vortex growth pattern is different and 
shows generation of vortex at the lower regen of the expansion cavity. The vortex of XG 
solution is seen to appear at a low Reynolds number, Re = 0.04. The vortex size is also 
very small at this Reynolds number and comparable to that of water. It requires a large 
change in Reynolds number to increase the size of the vortex. This is the effect of the 
shear thinning property alone without elasticity and it can be said that shear thinning 
causes the vortex to grow slowly. The length of vortex is shown till the vortex reaches 
the upper expansion wall, but it is observed that the core of the vortex moves upstream 
as the flow increases till the vortex reaches the upper wall and then slightly downstream 
at very high Re.  On the other hand, the PAA solution which has high elasticity and 
shear thinning also cause the vortex to appear at a very small flow rate Re = 0.02, and 
grow slowly. The initial height of the vortex is largest as compared to other solutions, this 
could be due to high relaxation time and lower power law index showing high elasticity 
and high shear thinning respectively. The vortex height is shown for the Reynolds 
number till which the fluid is stable. For oscillating flow the height of vortex is not 
measured, although it is seen that the larger vortex reaches the full length of expansion 
cavity only after 5 ml/hr. flow rate, Re =12.06.  
4.4 Conclusion 
In this study, the flow pattern of different non-Newtonian solutions and Newtonian solution 
in an expansion cavity channel is shown. The sole effect of inertia, elasticity and shear 
thinning is studied using water, PVP and Xanthan gum solution respectively along with 
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combination of inertia-elasticity, shear thinning- elasticity using PEO solution and PAA 
solution. A new fluid with mild shear thinning and mild elasticity is also studied in this 
channel using HA solution.  
The flow pattern of these solutions was compared and size of vortex is compared using 
the dimensionless vortex length. The effect of elasticity, shear thinning and inertia are 
similar to those found in the contraction channel geometry. The elasticity of fluid 
suppresses the formation of vortices. The elasticity also produces bending of flow lines as 
observed in PEO solution. Although, the elastic effect was only visible at a higher flow rate 
when vortex appears in the lower expansion cavity region and the vortex growth was 
similar to that of water at lower flow rates. The Xanthan gum solution with pure shear 
thinning property showed results similar to that of the contraction geometry and did not 
become oscillating. PAA solution was the only solution with oscillating vortices for a 
Reynolds number from 2.40< Re< 24.14. This could be due to dominating effect of 
combination of elasticity and shear thinning.  Such study is conducted for the first time and 
can find application in different biomedical and chemical fields where non-Newtonian fluids 
are used.  
A summary of the flow pattern is shown in figure 4.12. Different fluids show different 
vortex growth pattern and it can be easily communicated by this figure. Water, XG and 
HA do not have any elasticity, although to simplify the figure, a constant value of Wi is 
assigned to these fluids.  
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4.12 Phase diagram of vortex growth for Water, PEO, XG, HA and PAA solution 
shown on a Wi-Re space. Symbols have the following meaning:  no bending or 
vortex; stable lip vortex;  stable corner vortex;  unstable corner vortex;  
stable asymmetric vortex; - bending streamlines 
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5.0 CONCLUSION AND FUTURE DIRECTION 
The presented work has thoroughly used the capacity of microfluidics to reach high shear 
rates and analyze the flow of non-Newtonian fluids. We have performed a thorough 
literature review and introduced new set of experiments to contribute to the understanding 
of rheological properties. We started with fabricating the contraction and cavity channels. 
Then we used commonly used non-Newtonian fluids to study the inertia, elasticity, shear 
thinning and combined effects in the microchannel. Small size particles were used to trace 
the flow of fluid and to make sure the particle inertia does not play role in showing the flow 
patter.  
For the contraction microchannel, the Newtonian case was tested first as a basis for the 
experiment to analyze the effect of inertia alone. It was observed that the flow circulation 
began with a lip vortex at the expansion region of the channel with critical Reynolds 
number being around 11.94. A lip vortex formation followed by corner vortex and a vortex 
growth regime was observed. Similar flow pattern was observed for the water glycerol 
mixture and 5%PVP solution. Water glycerol mixture being high viscosity Newtonian fluid 
showed similar vortex growth pattern as that of plain water, but has a higher critical 
Reynolds number of 14.5 and 18.43 respectively. This leads us to understand that the 
elasticity has less effect on the vortex generation and growth, and acts in opposition to 
inertia. A combination of elasticity and inertia, observed by using PEO solution, yielded 
another result, where elastic bending of streamlines was observed and an asymmetric 
vortex at a critical Reynolds number of 18.83. Even though the viscosity of PEO was found 
to be less than that of PVP, the critical Reynolds number is higher, which shows that 
elasticity acts counter to the effect of inertia.  
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To observe the effect of shear thinning, the XG solution was used and shows opposite 
effect than that of water. The vortex appears in the downstream region of the contraction. 
With combination of elasticity and shear thinning using PAA, the fluid flow pattern starts 
the same as XG solution but becomes unstable. This discrepancy could be explained due 
to the elasticity present in the PAA solution which make the flow unstable once the 
threshold value of flow rate is set. Similar fluids were used for the cavity channel, where 
the geometry is opposite to the contraction geometry.  
In the future, the study of only contraction and only expansion geometry could be 
conducted to find a relation between the vortex growth mechanism of individual expansion 
and contraction geometries. The contraction geometry could be viewed as combination of 
contraction geometry in the first half and expansion geometry in the downstream half of 
the channel. Similarly, the cavity channel could be viewed as expansion part in upstream 
half and contraction in downstream half of the channel. It would be interesting to know if 
the phenomenon observed in the individual channels is similar to that of the combined 
channels as shown in this study. To shed more light on the vortex growth, the velocity 
gradient and pressure drop values could be useful in understanding the phenomenon in 
detail.  
 
